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Resistance redux

Infectious diseases, antibiotic resistance and the future of mankind

Julian Davies

he human species is one of the young-
Test forms of life on earth, yet it has

become the dominant force in evolu-
tion. Most of the main environmental prob-
lems—global warming, pollution, loss of
biodiversity, land erosion and the emission
of greenhouse gases—are caused, either
directly or indirectly, by human activities.
Optimists hope that these huge environ-
mental changes might be at least partly
reversible, if humans agree to take massive
and concerted corrective action sooner
rather than later. Pessimists—or perhaps
realists—hold that it might already be too
late, and that we are markedly changing the
physical and biological environment with as
yet unclear repercussions for humanity.

In any case, even if humans are the dom-
inant species on our planet, they are not
the most important from a purely biologi-
cal point of view. The omnipresent micro-
bial population is not only the oldest form
of life on Earth, having emerged more than
3 billion years ago, but also the most
numerous and biologically diverse, and
the most able to adapt to environmental
changes. According to many pundits,
microbes will be the sole survivors of any
global catastrophe short of the complete
destruction of all life on Earth.

umans are essentially interlopers

in a microbial world. Our evolu-

tion has been completely depend-
ent on microbes; this holds true for all of
the commensal bacteria that make up the
human microbiome, as well as the micro-
organisms in the external environment. In
fact, all living organisms rely on the pres-
ence and activity of microbes for their
survival, just as viruses and bacteria rely
on favourable hosts and environments for
growth and reproduction. From the point
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of view of a microbe, the human body is
just one such host that can supply its guests
with the proverbial ‘free lunch’.

According to many pundits,
microbes will be the sole
survivors of any global
catastrophe short of the complete
destruction of all life on Earth

During the course of human-microbe
acclimatization, humans have become
dependent on microbes for various vitamins
and other essential co-factors, among other
things. In return, our bodies furnish these
commensal populations with a rich source
of nutrition, a warm place to live and,
possibly, protection from predators. The
sequencing of the human genome is still
not complete and the most difficult part—
sequencing and deciphering the nature
and roles of the microbiome—has only just
begun; the bacterial genes residing in the
human body outnumber the human genes
by an estimated 100-to-1.

Of course, this human-microbial coop-
eration is not always beneficial to us. Indeed,
a small number of the thousands of different
types of bacteria that colonize the human
body can cause disease with often detrimen-
tal effects for the host. The resulting bacterial
and fungal infections are genetically and
biochemically complex, and most involve
interactions with a host that has been weak-
ened or damaged by injury, age or trauma.
Much of the history of medicine has there-
fore been a search for ways to battle the
pathogenic organisms—syphilis, leprosy,
typhus, consumption, and other assorted
poxes and plagues—which have caused
more death and suffering throughout human

history than wars, famines and environmental
disasters combined.

Given the ubiquity of the microbial world,
it is not surprising that the main weapon in
the treatment of infectious diseases came
from the discovery that a range of micro-
bial chemicals—antibiotics—can kill other
microbes or inhibit their growth. The scien-
tific basis for such apparent -cidal tendencies
is still not understood; some of these natu-
rally occurring small molecules might have
evolved for protective purposes, but most
are likely to have evolved for modulating
inter-microbial communication. This chemi-
cal cross-talk depends on the concentrations
of these small molecules; a given molecule
acts as a messenger at low concentrations
and exerts antibiotic activity at higher con-
centrations. Whatever their natural function,
the discovery of microbial products with
inhibitory or -cidal activity against laboratory
strains of bacterial pathogens initiated the era
of antibiotics approximately 60 years ago.

dence of infectious disease was already on

the decline in much of the industrial world
by the 1940s, owing to better sanitation,
improved disinfection in hospitals, and over-
all improvements in personal hygiene and
living standards. The groundbreaking work
by Louis Pasteur (1822-1895), Robert Koch
(1843-1910) and their disciples led to the
isolation of the major pathogens and proved
the role of ‘germs’ in disease. This increased
understanding of microbiology translated
into better health care, and successful public-
health efforts to reduce disease transmission
and burden.

The discovery of penicillin by Alexander
Fleming (1881-1955), followed by strepto-
mycin, tetracycline and other antimicro-
bials, completely revolutionized medicine

I t should be noted, however, that the inci-
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by providing physicians with effective thera-
peutic options against a range of bacterial
diseases, many of which—such as the
widely feared ‘White Plague’ (tuberculo-
sis—had been scourges for millennia.
Antibiotics also became effective treatments
for common sexually transmitted diseases
such as syphilis and gonorrhoea (Fig 1). The
introduction of antibiotics allowed physi-
cians to markedly reduce human morbidity
and mortality from most of the common
bacterial and fungal infections. There were,
however, forebodings of future problems:
from the time when antibiotics were first
used, scientists observed the development
of resistance; however, the subsequent uni-
versal dependence on the curative powers
of these agents led the scientific and medi-
cal community to underestimate the poten-
tial scale of the problem. By the 1970s, it
was widely believed that infectious diseases

Another chapter added
to medical history...
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were finally under control (Davies, 2007).

During the 1950s, the chemical industry,
which until then had been largely concen-
trated on the production of fertilizers, dyes
and other commodities, underwent a major
transformation towards a pharmaceutical
industry that involved the large-scale fer-
mentation of bacterial and fungal strains to
produce antimicrobial agents. The antibiotic
era was characterized by mass production
and mass utilization. In the early 1940s, less
than 100 tons of penicillin was made in the
USA annually; today, the figure is several
orders of magnitude more, and the same
holds true for every other therapeutically
useful antibiotic. With mass production,
prices dropped accordingly. Penicillin,
which was nearly priceless in 1940, cost
US$20 for a single dose by 1943, 55 cents
in 1946 and today probably costs less than
the glass vials in which it is shipped.

he increased production and

decreasing prices of antibiotics

encouraged additional applications
outside the medical setting. Low concen-
trations of antibiotics added to animal
feeds were found to promote the growth
of cattle, pigs and chickens, thereby result-
ing in increased economic turnover and
profits for the meat industry—although this
practice also accelerates antibiotic resist-
ance. At present, approximately 50% of all
antibiotics produced worldwide are used
for non-human purposes, notably in agri-
culture and aquaculture. It is not surpris-
ing that the development of resistance to
antibiotics shows a direct correlation with
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Smallpox, vellow fever, tetanus, diphtheria.
tvphoid, whooping cough, pneumonia--and
now gonorrhea! One by one medical
science is finding sure and lasting cures for
some of the dread diseases, which for so

long have preved upon mankind.

rhea canbe

ced I A hours

-k Demicithin !

I'he latest success is with gonorrhea--that
great erippler and sterilizer--which can be
cured in four hours with penicillin!

For those afflicted, penicillin has been pro-
vided FREE. They have only to see their
doctors and arrange for treatment. The
drug is provided FREE through April 30th
by vour, . .

STATE AND CITY HEALTH DEPARTMENTS

For Use in Greater New Orleans

Fig 1| A poster from the 1940s promoting penicillin as a treatment for gonorrhea. Today, strains of Neisseria

gonorrhoeae are increasingly resitant to antibiotic treatment. Image credit: Centres for Disease Control and

Prevention (CDC: Atlanta, GA, USA)

the extent of antibiotic use. Awareness of
this problem has increased over the years
and many countries have mounted efforts
to educate the public about the threat
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posed by resistant bacteria, and have insti-
tuted measures to control antibiotic use. As
long ago as 1969, the Swann report, which
was published in the UK, recommended
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restricting the use of antibiotics in ani-
mal feeds (Swann, 1969). Recent progress
is most evident in The Netherlands and the
Scandinavian countries, where the use of
antibiotics to promote growth in animals has
been effectively curtailed. Reduced levels
of antibiotic resistance in animals and farm
workers indicate the success of these meas-
ures; however, despite such controls, resist-
ance has not been eliminated and outbreaks
of resistant pathogens still occur frequently.
Cases of pig-related community-acquired
multi-resistant Staphylococcus aureus (CA-
MRSA) in The Netherlands confirm the inevi-
tability of antibiotic resistance—bacteria
are omnipotent.

...from the point of view of a
microbe, the human body is just
one such host that can supply
its guests with the proverbial
‘free lunch’

The problem of antibiotic resistance is
not only man-made; resistance genes were
already present in the bacterial popula-
tion long before humans started to use
antibiotics to fight bacterial infections
(Abraham & Chain, 1940). The widespread
resistance due to the cefotaxime (CTX-M)
B-lactamases is a good example; the ances-
tral gene is thought to have been picked
up from a strain of Kluyvera sp. and sub-
sequently transmitted to other bacteria
(Barlow et al, 2008). As a result of the exten-
sive use of certain classes of antibiotics in
the past 20 years, this gene has undergone
many mutations and gene transfers, under
increasing antibiotic selection, and has
evolved into the family of extended spec-
trum B-lactamases (ESBLs). There is now a
veritable pandemic with hundreds of dif-
ferent CTX-Ms being found in bacterial
pathogens around the world. This is natural
protein engineering on a grand scale, which
David Livermore refers to as “the zeitgeist
of resistance” (Livermore, 2007). Although
these genes were first detected in bacterial
strains in hospital settings, resistant bac-
teria with various CTX-M genes are being
found increasingly in the community. Was
this series of events inevitable? Could it
have been stopped? After all, p-lactamases
had been recognized for many years. The
costs in terms of mortality, morbidity and
economic losses are significant, but hard to
estimate. So, despite an armamentarium of
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antibacterial, antifungal and antiviral agents
for the treatment of most infectious dis-
eases, the biggest threats today are resistant
pathogens, especially those in hospitals.

he cloud of antibiotic resistance does

have a surprising ‘silver lining’ as it

has also had enormous benefits for
modern biology and, indeed, the human
condition—although not without some
controversy. The identification of trans-
missible antibiotic resistance in the mid-
1950s subsequently shed light on the
evolutionary processes in cell development.
Studies of plasmids, transposable elements,
integron systems and illegitimate-recombi-
nation mechanisms have demonstrated the
important roles of gene trafficking over bil-
lions of years. In particular, recent research
has revealed the roles of these mobile ele-
ments in bacterial genome evolution in
response to the selective pressures of antibi-
otics, and of toxic compounds such as heavy
metals and other xenobiotics.

There have also been important prac-
tical applications. Recombinant DNA
technology grew out of the use of anti-
biotic-resistance plasmids as vectors. For
example, in their Nobel Prize-winning
research, Mario Cappechi and Oliver
Smithies used an antibiotic-resistance
gene encoding kanamycin phosphotrans-
ferase, coupled with an appropriate broad-
spectrum antibiotic (for example, geneticin)
to generate large libraries of gene knockouts
in mice. Similar techniques have advanced
many other aspects of both basic research
and industrial processes, and now offer con-
siderable promise for stem-cell-based tech-
nology applied to human disease. Genetic
tools are now available for the introduc-
tion of many different types of genes into
microbes, plants, animals and humans;
recombinant bacteria containing resistance
markers are used to produce large amounts
of pure therapeutic proteins and vaccines.
Without the discovery of transferable anti-
biotic resistance in bacteria, which allowed
the design and use of gene vectors, genetic
engineering would probably not have
advanced to such a sophisticated level.

Without the discovery of
transferable antibiotic resistance
in bacteria [...] genetic
engineering would probably

not have advanced to such a
sophisticated level

special issue

otwithstanding these enormous

advances in molecular biology and

the concomitant practical applica-
tions, the rise of antibiotic resistance has
serious economic and social consequences.
Resistant bacterial and fungal infections are
most frequently hospital-acquired (noso-
comial). This is cause for great concern:
patients go to hospitals to be cured, not to
becomeill and die. In the USA alone, almost
100,000 people die of hospital-acquired
infections every year, and the annual finan-
cial burden on the health-care system
increased by an additional US$10 billion
owing to MRSA infections in 2005 (Klein
et al, 2007). Hospitals and other places of
care have become breeding grounds for
multidrug-resistant infectious bacteria.

Antibiotic resistance has
essentially become a crime,
atleast in the USA

Numerous patients, prisoners and cruise-
ship passengers who contracted MRSA or
other infections while being ‘confined’
have successfully pursued lawsuits claim-
ing criminal negligence by the respec-
tive hospital, prison or travel organizers.
Lawyers are now advertising their services
on the Internet to victims of nosocomial
microbial infection. More importantly—
and perhaps more consequentially—the US
Government has also responded in respect
to Medicare, the national health insurance
scheme. Starting in 2009, claims by patients
to cover the increased cost of treatment for
hospital-acquired diseases such as bacte-
rial infection will no longer be accepted.
Nosocomial multidrug-resistant infections
that require extended hospital care will be
considered as medical malpractice, in the
same category as the non-removal of surgi-
cal instruments. The state of New Jersey has
already enacted such a bill and others are
considering similar action. These weighty
developments are likely to trigger protective
action from hospitals and the medical pro-
fession. The costs of quarantine will add to
the costs of treatment. Antibiotic resistance
has essentially become a crime, at least in
the USA.

For many vyears, antibiotic-resistant
pathogens have been recognized as one
of the main threats to human survival,
as some experts predict a return to the
pre-antibiotic era. So far, national efforts
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...microbes are formidable
adversaries and, despite our best
efforts, continue to exact a toll on
the human race

to exert strict control over the use of anti-
biotics have had limited success and it is
not yet possible to achieve worldwide con-
certed action to reduce the growing threat
of multi-resistant pathogens: there are too
many parties involved. Furthermore, the
problem has not yet really arrived on the
radar screen of many physicians and clini-
cians, as antimicrobials still work most of
the time—apart from the occasional news
headline that yet another nasty super-
bug has emerged in the local hospital.
Legislating the use of antibiotics for non-
therapeutic applications and curtailing
general public access to them is conceiv-
able, but legislating the medical profession
is an entirely different matter.

In order to meet the growing problem
of antibiotic resistance among pathogens,
the discovery and development of new

antibiotics and alternative treatments for
infectious diseases, together with tools for
rapid diagnosis that will ensure effective
and appropriate use of existing antibiotics,
are imperative. How the health services,
pharmaceutical industry and academia
respond in the coming years will determine
the future of treating infectious diseases.
This challenge is not to be underestimated:
microbes are formidable adversaries and,
despite our best efforts, continue to exact a
toll on the human race.
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